To summarize the recent evidence that insulin-like growth factor 1 (IGF1) mediates growth effects of multiple trophic factors and discuss clinical relevance.
INTRODUCTION
There is considerable interest in trophic factors that may promote sustained increases in mass and function of intestinal epithelium in patients at risk of short bowel syndrome (SBS) and intestinal failure, or promote mucosal healing in Crohn's disease. This article will briefly review the cellular mechanisms and measures used to assess intestinal epithelial growth, and a wealth of preclinical evidence demonstrating potent effects of insulin-like growth factor 1 (IGF1) on growth of small intestinal epithelium in multiple physiological and clinically relevant settings of intestinal loss or injury. Areas of emphasis will be new and emerging evidence that IGF1 preferentially targets intestinal epithelial stem cells (IESCs) and that IGF1 is a critical mediator of the enterotrophic effects of growth hormone (GH), or glucagon-like peptide 2 (GLP2) and analogs, which are in clinical trial for SBS and Crohn's disease. We will address the barriers to consideration of IGF1 as a clinically useful enterotrophic therapy and whether the insulin-like growth factor 1 receptor (IGF1R) is the primary mediator of the trophic actions of IGF1 on intestinal epithelial cells (IECs), or whether some effects may be mediated by a splice variant of the insulin receptor.
Growth factors and hormones may enhance intestinal growth and limit need for parenteral nutrition after resection and promote mucosal healing or normalize linear body growth in Crohn's disease.
Improved measures of early response of intestinal epithelial stem cells (IESCs) to growth factors and sustained intestinal epithelial growth in response to trophic therapies are needed.
IGF1 is a key mediator of the actions of clinically used trophic factors, GH and GLP2, and may preferentially target IESCs.
GH or GLP2 induction of SOCS proteins may limit the risk of undesirable or excessive IGF1-mediated growth. 
Schematic of altered growth of small intestinal epithelium in response to altered nutrient, resection, inflammation, or injury. The schematic summarizes data from preclinical animal models about changes in crypt depth, villus height, crypt cell proliferation and apoptosis after total parenteral nutrition (TPN), resection, or chronic inflammation. Note that in preclinical models of resection, crypt and villus hyperplasia are transient and may not reflect long-term changes. Increased intestinal caliber (as illustrated at 16 weeks after ICR, from Dekaney et al. [3] ) may more accurately reflect long-term adaptive growth after resection. Relatively few clinical studies have evaluated crypt and villus morphology in these settings, but the limited data suggest similar, although possibly less pronounced changes (see text). Evaluation of intestinal caliber may be a useful measure, but is difficult to assess clinically. As depicted in animal models of TPN and nutrient restriction, decreases in circulating and local intestinal insulin-like growth factor 1 (IGF1) correlate with adaptive hypoplasia. Resection-induced hyperplasia is associated with transient increases in local IGF1. Settings of inflammation and injury can lead to decreased circulating, but increased locally expressed IGF1. These changes have been documented in animal models. Fewer studies have assessed circulating or local IGF1 in humans, but the evidence that exists supports decreased circulating IGF1 [28 && ,31] and elevated local IGF1 in active Crohn's disease [32] . Thus, roles and effects of circulating and local IGF1 may differ depending on the circumstance. ICR, ileocecal resection; PSBR, proximal short bowel resection; NC, no change; ?, not examined. response to physiological or pathophysiological challenges. Fasting, nutrient restriction, or lack of luminal nutrients, as occurs in total parenteral nutrition (TPN), lead to hypoplasia. Surgical resection of portions of small bowel leads to compensatory increases in mass of remaining small bowel epithelium per unit length, a phenomenon termed 'adaptive growth' or 'intestinal adaptation'. Although well documented in animal models, these responses have been much less well characterized in humans. Some studies suggest that TPN induces atrophy [4] [5] [6] , but others do not [7] . These differences likely reflect the duration of TPN. Similarly, a few studies have documented crypt and villus hyperplasia in humans after bowel resection [6, [8] [9] [10] .
Current views indicate that after massive small bowel resection or multiple small bowel resections, intestinal adaptation protects against the need for parenteral nutrition, SBS, and intestinal failure [11 & ]. This has led to a growing interest in identification of trophic factors that promote optimal adaptive growth after bowel loss [11 & ,12] . Inflammation or injury of the small bowel epithelium as occurs in inflammatory bowel diseases (IBDs), exposure to enteric pathogens and radiation or chemotherapy, can lead to crypt and villus loss. As illustrated in Fig. 1 , this triggers crypt hyperplasia and regenerative responses. If transient, such responses may promote beneficial mucosal healing and normalization of function and integrity. Most clinical studies of histopathology in Crohn's disease focus on immunological features, but as recently described, a majority of patients with active Crohn's disease show villus blunting, crypt hyperplasia, or crypt disorganization [13] .
Recent findings that mucosal healing is a major predictor of sustained clinical remission in patients with early stage Crohn's disease [14 & ] have prompted significant interest in growth factors as endogenous mediators or potential therapies that may promote mucosal healing [15 & ]. However, it is important to consider whether commonly used measures of intestinal epithelial growth or responses to growth factors accurately reflect functionally beneficial or sustained adaptive growth or mucosal healing. ]. Long-term increases in crypt number, mucosal and epithelial circumference, and caliber of the remnant small intestine ( Fig. 1 ) may more accurately reflect sustained and functionally relevant adaptive growth or response to trophic therapies [3,16 & ]. These are difficult to assess in clinical settings, but should at least be considered in preclinical evaluation of enterotrophic factors. Our recent studies have shown that these longer term adaptive responses to resection depend on very early expansion of putative IESCs and subsequent crypt fission [3,16 & ]. Recently identified IESC biomarkers such as Lgr5, Bmi1, and Sox9 and availability of reporter mice expressing fluorescent proteins in IESCs [18] [19] [20] provide new preclinical tools to assess, for the first time, direct actions of trophic factors on IESCs. However, useful antibodies to these biomarkers are either not available or not yet validated for broader application to evaluation of IESCs in clinical settings. Emerging data on genes enriched in IESCs [21] or IESC-specific genes affected by trophic therapies [22] should permit future identification of suitable biomarkers to assess the impact of trophic therapies on IESCs in clinical situations. Crypt fission may represent a useful surrogate marker of sustained IESC expansion and adaptive growth or response to growth factors, at least in a setting of SBS [ 
MEASURES OF INTESTINAL ADAPTATION, MUCOSAL HEALING, OR RESPONSE TO GROWTH FACTORS

CIRCULATING AND LOCALLY EXPRESSED INTESTINAL INSULIN-LIKE GROWTH FACTOR 1
IGF1 can act on the intestinal epithelium via endocrine effects of circulating IGF1 derived primarily from hepatocytes, and paracrine effects of locally expressed IGF1 synthesized by intestinal mesenchyme. Circulating IGF1 is positively regulated by GH, caloric and protein intake, and insulin. Local intestinal IGF1 is less subject to GH regulation, except in extremes of GH deficiency or excess, but is positively regulated by luminal nutrients [25] [26] [27] and is transiently upregulated in response to ICR [16 & ,27]. In active IBD, chronic elevation of proinflammatory cytokines is associated with reduced levels of circulating IGF1, which reflects at least in part GH resistance at the level of hepatocytes, as well as impact of malabsorption or malnutrition [28 && ], but increased local IGF1 expression was found (reviewed in [27] ). Thus, active intestinal inflammation leads to a disconnect between circulating and locally expressed IGF1. A key unanswered question is the extent to which circulating or locally expressed IGF1 contribute to or promote normal growth, adaptive growth, or repair and regeneration of intestinal epithelium. Mouse models lacking local intestinal IGF1 expression because of disruption of both endogenous IGF1 alleles, but with normal circulating IGF1 because of a liver-specific IGF1 transgene, provide potentially useful new model systems to dissect the roles of circulating IGF1 versus locally expressed intestinal IGF1 [29,30].
INSULIN-LIKE GROWTH FACTOR 1 POTENTLY PROMOTES GROWTH OF SMALL INTESTINAL EPITHELIUM AND MAY PREFERENTIALLY TARGET INTESTINAL EPITHELIAL STEM CELLS
As summarized in Fig. 1 , data derived largely from animal models demonstrate that altered levels of endogenous circulating and/or local IGF1 accompany changes in growth of intestinal epithelium. The few existing studies suggest similar changes in humans [28 && ,31,32]. Prior reviews summarize the evidence that IGF1 can promote growth of small intestinal epithelium [11 & ,12,27] . Briefly, systemically administered or transgene-derived IGF1 potently increase the mass of small bowel epithelium in normal adult animals and preclinical models of TPN, small bowel resection, or ICR [33,34]; these effects of IGF1 are associated with increased proliferation and decreased apoptosis of crypt epithelial cells. The local upregulation of IGF1 in the intestine of multiple animal models of IBD and in patients with Crohn's disease [27] may promote mucosal healing during inflammationinduced injury, although this has not yet been formally demonstrated. A recent study in mice and humans demonstrated that during sepsis, reduced levels of circulating IGF1 correlate with increased bacterial translocation from the gut. In the mouse model, antiapoptotic effects of exogenous IGF1 were associated with dramatically reduced bacterial translocation [35] . Together these studies provide compelling evidence for potent, trophic, proliferative, and antiapoptotic effects of IGF1 on small intestinal epithelium in many clinically relevant situations.
Available and emerging evidence indicates that IGF1 may preferentially target IESCs. Findings in models of radiation-induced apoptosis indicate preferential antiapoptotic effects of IGF1 overexpression or IGF1 therapy on putative IESCs [36, 37] . Recent studies using Sox9-EGFP mice to directly visualize IESCs [19] indicate that IGF1 given after radiation promotes IESC expansion and crypt regeneration [22] (L. Van Landeghem, P.K. Lund, unpublished data). This is highly relevant to a growing interest in trophic factors that might promote crypt regeneration and help protect against radiation-induced gastrointestinal syndrome after accidental exposure to radiation. Studies in a murine ICR model also indicate that early and transient upregulation of local IGF1 correlates with expansion of putative IESCs and subsequent crypt fission, responses that are critical to sustained adaptive increases in crypt number and mucosal mass [16 & ]. ]. However, there is little evidence that GH or GLP2/teduglutide directly act on IECs to promote growth or repair. Indeed, the bulk of the evidence suggests that IGF1 is a critical mediator of the enterotrophic effects of GH or GLP2.
INSULIN-LIKE GROWTH FACTOR 1 IS A COMMON MEDIATOR OF THE ACTIONS OF GROWTH HORMONE AND GLUCAGON-LIKE PEPTIDE 2 OR LONGER ACTING GLUCAGON-LIKE PEPTIDE 2 ANALOGS
Insulin-like growth factor 1 as a mediator of growth hormone action
Older studies in transgenic mice that overexpress GH or IGF1, and studies in TPN or resection models given systemic GH or IGF1, indicate that IGF1 more consistently and more potently increases epithelial mass, crypt proliferation, and small bowel length than GH, and that IGF1 but not GH has antiapoptotic effects on crypt epithelial cells (Fig. 2) . This is despite the fact that in GH-treated or transgenic animals, circulating IGF1 was increased to similar or greater levels than observed in IGF1 transgenic or IGF1-treated animals. Even though IGF1 has more potent growth effects in preclinical models, GH and not IGF1 is in clinical trial as enterotrophic therapy. In part, this reflects the fact that recombinant human growth hormone (rhGH) has been used to treat growth delay in more than 50 000 children over relatively long periods (average 3 years), with a favorable safety profile [44 && ]. In animal models of TPN, systemic GH, but not IGF1, induces suppressor of cytokine signaling 2 (SOCS2) in the small intestine [45] . Findings in SOCS2 null mice suggest that SOCS2 normally limits the proliferative and antiapoptotic actions of IGF1 on small intestinal epithelium [46] , but also protects against tumor development or growth in the small intestine and colon of Apc Min/þ mice [47 & ]. GH was also shown to induce SOCS3 in the intestine of a rat model of Crohn's disease, but not noninflamed controls [48] . This suggests that GH interacts with proinflammatory cytokines to induce intestinal SOCS3. Evidence in humans and preclinical models indicates that SOCS3 protects against inflammationassociated intestinal cancer [49
&&
,50], has potent anti-inflammatory activities [51] , and limits inflammation-induced intestinal fibrosis [48] , a major problem in Crohn's disease [52] . Together, these studies indicate that GH induction of SOCS2 or SOCS3 may limit the magnitude of trophic responses to GH or GH-induced IGF1 in intestinal epithelium. However, the downside of this diminished growth response is counterbalanced by the ability of SOCS to protect against undesirable tumor-promoting or profibrogenic effects of GH or GH-induced IGF1, and possibly, the anti-inflammatory effects of SOCS. These preclinical findings suggest that evaluation of SOCS in patients with SBS or Crohn's disease treated with GH would be of considerable interest to assess if there is an association between SOCS expression and growth or mucosal healing responses.
Growth failure in children with Crohn's disease has been linked to hepatic GH resistance and reduced circulating IGF1 [28 && ]. TPN has been linked to intestinal GH resistance [53] . In these settings, GH therapy may at least in part abrogate GH resistance and increase circulating IGF1 towards normal levels. It seems possible that GH combined with low-dose IGF1 in children with Crohn's disease might represent a strategy to maximize impact on linear growth, growth of intestinal epithelium, or mucosal healing, while still preserving the antitumorigenic, antifibrotic and anti-inflammatory actions of GH-induced SOCS. This will clearly require formal testing in preclinical models and more information about safety of IGF1 therapy in humans.
Insulin-like growth factor 1 as a mediator of glucagon-like peptide 2 action
The evidence for the enterotrophic effects of GLP2 and longer acting derivatives in preclinical models or clinical trials is summarized in a recent, excellent review [54 & ]. Compelling evidence that IGF1 is a required mediator of these effects of GLP2 stems from recent observations that GLP2 is ineffective at increasing small bowel mass, crypt depth, or villus height in mice with targeted disruption of both IGF1 alleles [55] and mice with inducible deletion of IGF1R specifically in IECs [56 && ]. The receptor for GLP2 is not expressed at detectable levels in IECs, but is expressed in intestinal mesenchymal cells, including subepithelial myofibroblasts, where it directly induces the synthesis of IGF1 [57] . Expression of the GLP2 receptor is restricted to the gastrointestinal tract except for low-level expression in lung and hypothalamus [54 & ], minimizing undesirable off-target growth effects of GLP2 or GLP2-induced IGF1. However, although the available evidence suggests that GLP2 therapies reduce the need for parenteral nutrition, relatively few GLP2-treated patients are completely weaned from parenteral nutrition, and this is true also for GH [41 && ,42,43 && ]. Studies in preclinical models of SBS Growth effects of growth hormone (GH) and insulin-like growth factor 1 (IGF1) on small intestine in transgenic overexpression models or when given systemically in total parenteral nutrition (TPN)-fed animals. In GH or IGF1 transgenic mice and GH or IGF1 infused animals, GH and IGF1 lead to similar increases in circulating IGF1. As indicated, IGF1 more potently increases bowel length and growth than GH, whereas GH induces cellular differentiation and suppressors of cytokine signaling (SOCS), which limit growth and promote differentiation.
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and TPN indicate that GLP2-induced increases in small intestine mass are reversed after cessation of GLP2 treatment [17 && ]. Interestingly, this contrasts with IGF1 where acute treatment with IGF1 in a rat SBS/TPN model facilitated transition to enteral feeding and caused sustained increases in mass of small bowel epithelium [33] . Thus in preclinical models of SBS, exogenous IGF1 appears to better sustain adaptive growth of small intestine than GLP2, or GLP2-induced endogenous IGF1. In an ICR model, GLP2 was able to increase endogenous IGF1 expression, IESC expansion, and crypt fission only when given in the immediate period after resection [16 & ]. Although limited to preclinical evidence, these findings suggest that after bowel resections that pose risk of SBS early treatment with GLP2 or other factors that induce IGF1 may be critically important to sustained therapeutic adaptive growth response. This is not current clinical practice, as SBS patients are typically treated with trophic therapies months or years after bowel loss [11 & ,58] . Also, the possibility that IGF1 might more effectively sustain adaptive growth than GLP2, if given at later times after bowel resection or in SBS, because of its ability to directly expand IESCs is worthy of consideration, and is currently under test in preclinical models in our laboratories (P.K. Lund, M. Helmrath, unpublished data).
Despite recent reports indicating benefits of GLP2 in Crohn's disease, the mechanisms are not defined. Interestingly, in a preclinical model of IBD, GLP2 actually reduced crypt proliferation, reduced apoptosis and had anti-inflammatory effects; these effects were associated with increases in both local IGF1 and SOCS3 [59] . As with GH therefore, anti-inflammatory and possibly antiproliferative effects of GLP2 in a setting of IBD may be linked to SOCS3 induction. However, more direct evidence about the roles of GLP2-induced SOCS and IGF1 in a setting of intestinal inflammation is clearly needed.
As highlighted in a recent review, other mediators including the ligands for the ErbB2 receptor and ErbB signaling have been linked to trophic effects of GLP2 in small intestine [54 & ]. Space does not permit a full consideration of how these findings may be reconciled with lack of enterotrophic response of small intestine to GLP2 in mice with IGF1 gene deletion or IEC-specific IGF1R gene deletion except to note that IGF1 is known to interact with other growth factors including members of the epidermal growth factor family to exert additive or potent synergistic effects on IEC proliferation [60] , which may explain the dual roles of IGF1R and ErbB receptors in mediating GLP2 action [54 & ].
Insulin-like growth factor-binding proteins A family of IGF-binding proteins (IGFBPs) have major effects on levels of bioavailable circulating and locally expressed IGF1. These IGFBPs may be altered with nutritional status (reviewed in [61] ), inflammation [62, 63] , or resection [64, 65] , as well as following TPN or rhGH administration [64] . A discussion of IGFBPs is beyond the scope of this review, but evaluation of the role of IGFBPs in IGF1, GLP2, or GH action in the intestine is an area for additional research.
WHAT ARE THE BARRIERS TO CLINICAL TESTING OF INSULIN-LIKE GROWTH FACTOR 1 AS ENTEROTROPHIC THERAPY?
The extensive evidence that elevated circulating or locally expressed IGF1 or insulin-like growth factor 2 (IGF2) may promote risk of gastrointestinal or other cancers (reviewed in [66] ) is a major barrier to use of IGF1 as enterotrophic therapy. IGF1 can induce growth of many organs, in addition to the small intestine, and these off-target effects are a significant clinical concern. IGF1 therapy could potentially exacerbate fibrosis during intestinal inflammation or injury, which would be a potential concern in Crohn's disease [52] , and in radiationinduced intestinal injury. IGF1 potently induces collagen synthesis in intestinal mesenchyme in vitro or in vivo [67] . Recent findings that mice heterozygous for IGF1 gene deletion exhibit reduced fibrosis in the trinitrobenzenesulfonic acid (TNBS) colitis model provide direct in-vivo evidence that endogenous IGF1 contributes to inflammationinduced fibrosis [68] . Despite these concerns, and as noted in a recent review [11 & ], the potential benefits of IGF1 therapy in certain situations deserve some consideration. There is growing clinical literature that rhIGF1 therapy is effective and well tolerated in children with primary IGF1 deficiency due to genetic or acquired GH resistance [69] . Malnutrition because of small intestinal malabsorptive or inflammatory disorders, including Crohn's disease, is commonly associated with deficits in linear growth in children, which are linked to hepatic GH resistance and reduced circulating IGF1 levels [28
In such circumstances, it is possible that IGF1 given at doses which normalize rather than induce supraphysiological levels of circulating IGF1, could improve linear growth and also promote growth or repair of small bowel epithelium without undesired or excessive growth of other organs, or other adverse effects. Overall, more information is needed to establish the potential benefits and risks of therapeutically administered IGF1, as well as enterotrophic factors that induce IGF1 in SBS, Crohn's disease or other small bowel disorders. In particular, the impact of short-term, or low-dose IGF1 therapy on intestinal epithelial growth or mucosal healing, responses versus detrimental protumorigenic or profibrotic responses should be studied in preclinical models. Information about whether effects of IGF1 differ in young versus adult animals or humans is also needed.
INSULIN-LIKE GROWTH FACTOR 1 RECEPTOR AS THE PRIMARY MEDIATOR OF INSULIN-LIKE GROWTH FACTOR 1 ACTION
Current views indicate that the IGF1R is a primary mediator of body and organ growth, as IGF1R null mice die in early embryogenesis because of severe growth defects. However, as yet, there is no definitive evidence that in the small intestinal epithelium IGF1R is a required mediator of IGF1 action. In a recent report, inducible, conditional deletion of IGF1R using tamoxifen-inducible Villin-Cre recombinase led to no overt phenotype in the basal state even though the trophic effects of GLP2 were lost [56 && ]. This suggests either that IGF1R is not required for normal intestinal homeostasis or that another receptor can compensate for loss of IGF1R in IECs. As depicted in the schematic in Fig. 3, IGF1R is highly homologous to the insulin receptor with 45-65% homology in the ligand-binding domain and 60-85% homology in the tyrosine kinase and substrate recruitment domains [71] . IGF1R binds IGF1 with the highest affinity but also has high affinity for IGF2 and can bind insulin at elevated concentrations [71, 72,73 && ]. Insulin receptor exists as two isoforms, IR-A and IR-B derived from alternative premRNA splicing. These isoforms differ by the inclusion or exclusion of exon 11, which alters the ligand-binding affinity and downstream signaling properties of the insulin receptor [71,72,73 && ,74]. Inclusion of exon 11 yields IR-B, which is highly expressed in known insulin-target organs, such as liver, muscle, and adipose tissue and has a high affinity for insulin [71, 72, 73 && ]. IR-A lacks exon 11, has higher affinity for IGF2 and insulin than IGF1, but binds all ligands. IR-A is expressed at high levels during embryonic development when IGF2 is also highly expressed and is upregulated in cancer cells [72,73 && ,75]. The expression patterns and respective roles of IGF1R, versus IR-A or IR-B, in small intestinal epithelium are unknown. This is relevant to obesity, a major public health problem, which leads to hyperinsulinemia, and has recently been associated with increased growth of small intestine [76, 77] , as well as increased risk of gastrointestinal and other cancers [71, 72,73 && ]. Obesity/hyperinsulinemia may promote intestinal growth via insulin acting on insulin receptor, IR-A or IR-B, or because elevated insulin liberates IGF1 from IGFBPs for interaction with IGF1R [71, 72, 73 && ]. A complete understanding of IGF1 action in small intestine will require more information about ability of IGF1 to signal through IR-A or IR-B as well as IGF1R.
CONCLUSION
IGF1 potently induces small intestinal growth, mediates the actions of multiple enterotrophic factors, and drives IESC expansion and crypt fission that sustain adaptive growth responses after resection. Off-target growth effects and concerns about enhanced risk of cancer or fibrosis pose barriers to clinical use of IGF1 as enterotrophic therapy. Full understanding of the roles of IGF1 in mediating the benefits or potential risks of therapy with GH, GLP2 and analogs, the roles of SOCS in these responses, and the receptor(s) that mediate IGF1 action in small intestine is critical to the identification of well tolerated and effective enterotrophic and This is a comprehensive, long-term study examining the safety of recombinant human growth hormone (rhGH) in over 50 000 pediatric patients. Findings revealed that rhGH did not increase risk of leukemia, but did increase risk of second malignancy in some populations. This work suggests that rhGH is a well tolerated therapy for many children, but caution should be exercised in patients with prior malignancies. 
